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Chirality is exhibited by objects that cannot be rotated
into their mirror images. It is far from obvious that
this has anything to do with the angular momentum
of light, which owes its existence to rotational
symmetries. There is nevertheless a subtle connection
between chirality and the angular momentum of light.
We demonstrate this connection and, in particular,
its significance in the context of chiral light–matter
interactions.
This article is part of the themed issue ‘Optical
orbital angular momentum’.
1. Introduction
The word chiral was introduced by Kelvin to refer
to any geometrical figure or group of points that
cannot be brought into coincidence with its mirror
image, thus possessing a sense of handedness [1].
It derives, in fact, from the Greek for hand: χι´ρ
(E. Eleftheriadou 2015, private communication). In the
language of point group theory, a chiral form is devoid
of improper rotational symmetry elements [2]. The word
dissymmetry was used by Pasteur to convey this more
negative perspective [3,4]. Barron effectively extended
Kelvin’s definition of chirality to include time in addition
to space by distinguishing between ‘true’ and ‘false’
chirality, the former being exhibited by systems that
can exist in two distinct enantiomeric (enantiomorphic)
states interconvertible, up to a proper rotation, by
a parity inversion but not by a time reversal [5].
2017 The Authors. Published by the Royal Society under the terms of the
Creative Commons Attribution License http://creativecommons.org/licenses/
by/4.0/, which permits unrestricted use, provided the original author and
source are credited.
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Figure 1. The opposite mirror-image forms or enantiomers of bromochlorofluoromethane, a prototypical handed or chiral
molecule. (Online version in colour.)
Chirality pervades the natural world, from the enigmatic preferences of fundamental
forces [6,7] to the helices traced out by the arms of galaxies [8] and even the plates of
Stegosaurus [9,10]. In particular, many molecules can enjoy a seemingly stable existence in either a
left- or a right-handed form which are distinct mirror images of each other, as was established by
the pioneering works of Pasteur [11], van ’t Hoff [12] and Le Bel [13]. These opposite enantiomers
often interact rather differently with living things, as chirality is also inherent to life: amino acids,
sugars and other biomolecules besides are chiral and their chirality is crucial to their biological
function [14]. To give but one of many striking examples, one enantiomer of methamphetamine
is recognized as being a harmful narcotic, whereas the other enantiomer is relatively harmless,
being employed, in fact, as a decongestant. The two enantiomers of a simple chiral molecule are
depicted in figure 1.
One of the principal means by which we are able to probe and harness molecular chirality
is through the use of light that is itself chiral. Circularly polarized light in particular, which
was discovered by Fresnel, is a truly chiral influence [2,15]. The electric- and magnetic-field
vectors trace out helices in space [16], which can be left- or right-handed. Well-established chiral
light–matter interactions include optical rotation, i.e. the differential refraction of left- and right-
handed circularly polarized light [17,18], circular dichroism, i.e. the differential absorption [19–22],
and Raman optical activity, i.e. the differential Raman scattering [22–25]. Many other chiral
electromagnetic interactions exist, of course [2,26–32].
That light can carry a well-defined angular momentum was recognized by Poynting [33], who
inferred by analogy with a rotating cylindrical shaft that a beam of circularly polarized light
carries an intrinsic angular momentum parallel to the direction of propagation. The existence
of this so-called spin was confirmed by Beth [34]. In the modern understanding, the spin is
±h¯kˆ per circularly polarized plane-wave mode photon of wavevector k [35], where the upper
and lower signs refer, respectively, to left- and right-handed circular polarization in the optics
convention [36] and a circumflex indicates a unit vector.
As the spin of a beam of circularly polarized light differs for left- and right-handed circular
polarizations, it is natural, perhaps, to enquire as to its connection with the chirality of light and,
moreover, to ask whether spin plays any explicit role in chiral light–matter interactions like those
described above. It turns out, however, that there is no profound relationship between chirality
and spin. One may appreciate this simply by noting that a parity inversion of the beam reverses
the handedness of the beam (and the direction of propagation) while, nevertheless, leaving the
spin unchanged. Spin derives not from the screw sense of the helices but instead from the sense
of rotation of the field vectors: the spin can be cast as an integral over A⊥ × A˙⊥, for example, with
A⊥ the solenoidal magnetic vector potential and × denoting the conventional vector product.
This resembles the angular momentum r× r˙ associated with the rotation of a particle’s position
vector r, say.
At first glance, then, it might appear that chirality and the angular momentum of light are
disparate subjects: chirality is the concept of handedness while the angular momentum of light,
in particular spin, is associated with rotation rather than any form of inversion. Developments
in recent years have revealed, however, that these two fields are, in fact, subtly intertwined. The
purpose of this short paper is to elucidate and consolidate some of the advances in this direction.
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In what follows, we consider ourselves to be in an inertial frame of reference, adopting a right-
handed Cartesian coordinate system x, y, z with time t. Indices taken from the start of the Roman
alphabet (a, b, c, . . .) may take on the values x, y or z and a double appearance of an index implies
summation over x, y and z. We take a microscopic view, focusing upon freely propagating light or
the interaction of this light with individual molecules. We work within the semiclassical domain,
where the electromagnetic field is treated classically and everything else is treated quantum
mechanically [37].
2. The angular momentum of light
It is now well established that light carries spin and also orbital angular momentum [38–41].
Less widely appreciated at present, however, is the fact that these are but two of many angular
momenta carried by light, in the sense that there are many rotational symmetries inherent
to Maxwell’s equations. In this section, we give a brief overview of the basic description in
fundamental electromagnetic theory of the angular momentum of light, in particular, those
facets of it that may not be familiar to the reader but nevertheless take centre stage in the context
of the chiral light–matter interactions discussed in the following section. We work here in a system
of units with 0 = μ0 = c= 1.
There has been much controversy in the past over what constitutes a ‘true’ angular
momentum. We argue that an angular momentum is, fundamentally, a property of a system
with the dimensions of an angular momentum, the conservation of which is associated with
a rotational symmetry according to Noether’s theorem [42–46]. An angular momentum in this
sense does not necessarily have a corresponding quantity in quantum mechanics that satisfies the
usual commutation relation nor does it need to be a pseudovector.1
(a) Manifestly intrinsic angular momenta
Freely propagating light is rather special in that it possesses, in particular, an infinite number of
manifestly intrinsic angular momenta. The existence of these is intimately associated with the
massless and vectorial character of the electromagnetic field [45,47].
At the heart of this collection is the helicity [48],
H=
∫
1
2
(A⊥ · B− C⊥ · E) dV, (2.1)
withB=V×A⊥ = −C˙⊥ the magnetic field,C⊥ the solenodial electric pseudovector potential and
E= −V× C⊥ = −A˙⊥ the electric field [36,49–51]. Here and elsewhere · denotes the scalar product.
The gauge-invariant potentials A⊥ and in particular C⊥, although less familiar than E and B
perhaps, nevertheless make natural appearances here and in what follows. Their significance is
discussed in more detail in [51], for example. Helicity H takes on a value equivalent to ±h¯ per
circularly polarized plane-wave mode photon, in line with the concept of helicity familiar from
particle physics. The conservation of helicity is associated with a rotational symmetry [52] which
in infinitesimal form is
E→ E+ θB and B→B− θE, (2.2)
with θ an infinitesimal Lorentz pseudoscalar angle. This sees the electric and magnetic field
vectors of each plane-wave mode comprising the electromagnetic field rotated about the
wavevector k of the mode through θ [47,53], as depicted in figure 2. The existence of this
symmetry embodies the idea of electric–magnetic democracy [54]: the fact that the electric and
magnetic fields reside on equal footing in the strict absence of charge [45,46,50,55,56]. Looking at
1The prefix ‘pseudo’ signifies unusual transformation properties under a parity inversion. For example, a pseudoscalar
changes sign under a parity inversion, whereas a scalar does not; a pseudovector does not change sign under a parity
inversion, whereas a vector does [2].
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Figure 2. The conservation of helicity, a manifestly intrinsic angular momentum distinct from spin, is associated with the fact
that the electric and magnetic field vectors can be rotated about the direction of propagation. (Online version in colour.)
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Figure 3. The conservation of spin, a manifestly intrinsic angular momentum distinct from helicity, is associated with the fact
that the electric and magnetic field vectors can be rotated about any direction in space (provided this is done in a manner that
leaves them perpendicular to the direction of propagation and each other, of course). (Online version in colour.)
the integrand of H, we identify a helicity density
h= 12 (A⊥ · B− C⊥ · E), (2.3)
which has interesting properties, not least the fact that it is time-independent for monochromatic
light.
The more familiar spin [50,57]
S =
∫
1
2
(E×A⊥ + B× C⊥) dV (2.4)
in contrast takes on a value equivalent to ±h¯kˆ per photon [35], as described above. The
conservation of spin is associated with a rotational symmetry which in infinitesimal form
is [50,58,59]
E→ E+ (θ × E)⊥ and B→B+ (θ × B)⊥, (2.5)
with θ a pseudovector of infinitesimal magnitude. This sees the electric and magnetic field vectors
of each plane-wave mode rotated through an angle θ · kˆ [50,58,59], as depicted in figure 3.
The ab-infra-zilch [45,47], so named because of its connection with Lipkin’s ab-zilch2 described
below, is a component of a rank-two rotational pseudotensor, given by
Nab =
∫
1
2
[δab(A
⊥ · B− C⊥ · E) − A⊥a Bb − A⊥b Ba + C⊥a Eb + C⊥b Ea] dV, (2.6)
2Lipkin [60] does not elaborate upon his choice of the name ‘zilch’.
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which takes on a value equivalent to ±h¯kˆakˆb per photon, where kˆakˆb denotes a dyadic or outer
product. The conservation of the ab-infra-zilch is associated with a rotational symmetry which in
infinitesimal form sees the electric and magnetic field vectors of each plane-wave mode rotated
through an angle θabkˆakˆb, with θab = θba an infinitesimal angle.
It seems that this pattern extends in the obvious way: in general, there exists an angular
momentum with components that take on values equivalent to ±h¯kˆakˆb . . . per photon and which
is associated with a rotational symmetry that sees the electric and magnetic field vectors of each
plane-wave mode rotated through an angle θab...kˆakˆb . . . [61]. Let us emphasize that helicity, spin,
the ab-infra-zilches and so on are distinct from each other. Although the helicity, the z component
of spin, the zz-infra-zilch and so on take on similar values for the particular case of a beam of
light propagating in the +z direction, say, the differences in these angular momenta become clear
when one considers more exotic forms of light [62]. A subtlety worth noting is that helicity, spin,
the ab-infra-zilches and so on are not synonymous with the concept of polarization, although
their values certainly depend upon polarization. The distinction may be appreciated simply by
noting that horizontal and vertical polarizations are distinct and yet are associated with the same,
vanishing helicity, for example.
Interesting analogies can be drawn between these angular momenta and other, more familiar,
quantities in physics. The continuity equation
h˙ +V · s= 0 (2.7)
for helicity [53] is reminiscent of the familiar continuity equation
w˙ +V · g= 0 (2.8)
for energy, with w= (E · E+ B · B)/2 the usual energy density and g= E× B the usual energy flux
density or linear momentum density, that is, Poynting’s vector [63]. The continuity equation
s˙a + ∂bnab = 0 (2.9)
for spin [47], with nab the integrand of Nab, is reminiscent of the familiar continuity equation
g˙a + ∂bTab = 0 (2.10)
for linear momentum, with Tab the components of the usual stress tensor [36]. Note that s plays a
dual role in that it is both a helicity flux density and a spin density [53], much as g plays a dual role
in that it is both an energy flux density and a linear momentum density [63]. A further analogy
can be drawn between helicity and electric charge, both of which are signed, conserved quantities
with no sense of orientation [47]. Spin is then analogous to electric current and simple optical
fields can be constructed that are reminiscent of various types of current-carrying wire [47].
(b) Extrinsic and complete angular momentum
This theme issue celebrates the discovery by Allen et al. [38] that a beam of light with helical
phase fronts of the form exp(i	φ) possesses a well-defined orbital angular momentum parallel to
the direction of propagation equal, in essence, to h¯	 per photon. This discovery marked the start
of a lively field of research [39,40,64–66] in which the role of the angular momentum of light in its
various guises has been investigated for ever more complicated realizations, reaching from light
with fractional orbital angular momentum mean [67–70] to vector vortex beams that combine
both spin and orbital angular momentum in a spatially inseparable manner [71,72]. For such
beams neither the orbital nor the total angular momentum mean is necessarily an integer multiple
of h¯, which is why it is important to unravel the individual contributions and their connection
to chirality.
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The (exact) orbital angular momentum is [50,57]
L=
∫
1
2
[Ea(r×V)A⊥a + Ba(r×V)C⊥a ] dV, (2.11)
with the characteristic dependence upon helical phase fronts deriving from the presence of r×V,
the z component of which is −ih¯∂/∂φ in cylindrical coordinates: this gives h¯	 when acting on
exp(i	φ). The orbital angular momentumL is extrinsic in that rmakes an explicit appearance. One
component of L, that parallel to the total linear momentum ∫ gdV, is nevertheless independent
of the choice of location of the origin and can thus be said to be quasi-intrinsic [73–76]. The
conservation of orbital angular momentum is associated with a rotational symmetry which in
infinitesimal form is [50]
E→ E− [θ · (r×V)E]⊥ and B→B− [θ · (r×V)B]⊥. (2.12)
This can be interpreted as the closest approximation to a rotation of the spatial distribution
of the electromagnetic field, leaving the orientations of the electric- and magnetic-field vectors
unchanged, which is consistent with the requirement that the electric and magnetic fields be
solenoidal [50]. Note that the combination of the spin and orbital rotational symmetries (2.5)
and (2.12) gives a complete geometrical rotation of the electromagnetic field, associated with the
conservation of the complete angular momentum [36,43]
J =
∫
r× (E× B) dV. (2.13)
It is natural, perhaps, to ask whether there is a quantity related to orbital angular momentum
as helicity is related to spin [61]. It appears, however, that it is not possible to construct a
non-vanishing quantity of this sort. This may be appreciated by noting that the integrand of
L is perpendicular to the wavevector k at each point in reciprocal space [57,77,78] so that the
component of this integrand along k is zero, which is reminiscent of the fact that the projection
of a particle’s orbital angular momentum parallel to the particle’s direction of motion is zero, as
(r× r˙) · r˙= 0.
(c) Boost angular momenta
Our attention has been focused thus far on the familiar concept that rotations (of the usual,
circular character) in space are connected to the conservation of angular momenta. Somewhat
less familiar but equally important is the fact that light also carries angular momenta for which
the conservation is associated instead with ‘rotations’ of hyperbolic character in space–time.
The boost angular momentum
K=
∫ [
tE× B− r1
2
(E · E+ B · B)
]
dV (2.14)
sits on equal footing withJ in as much as the two appear together as parts of a more basic object:
the angular momentum tensor [36,79]. The conservation of boost angular momentum implies
that the centre of energy of the electromagnetic field moves with constant velocity [57,79] and
is associated with a boost rotational symmetry transformation which in infinitesimal form is [79]
E→ E− (φ × B)⊥ −
[
φ ·
(
tV+ r ∂
∂t
)
E
]⊥
and B→B+ (φ × E)⊥ −
[
φ ·
(
tV+ r ∂
∂t
)
B
]⊥
,
⎫⎪⎪⎪⎬
⎪⎪⎪⎭
(2.15)
with φ a rapidity vector of infinitesimal magnitude. It does not appear possible to separateK into
non-vanishing spin and orbital contributions [79].
It turns out that there are, in fact, an infinite number of boost rotational symmetry
transformations which are closely analogous to those underpinning the conservation of helicity,
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spin, the ab-infra-zilches and so on [45]. First
E→ E+ φE and B→B+ φB, (2.16)
with φ an infinitesimal rapidity angle, is the boost analogue of the helicity symmetry
transformation (2.2) and sees the amplitude of each plane wave comprising the electromagnetic
field modulated by a factor of (1 + φ) [45]. Next
E→ E− (φ × B)⊥ and B→B+ (φ × E)⊥ (2.17)
is the boost analogue of the spin symmetry transformation (2.5), and sees the amplitude of each
plane wave modified by a factor (1 + φ · kˆ): this is nothing but the first contribution to (2.15). It
turns out, however, that the conservation laws associated with these symmetry transformations
are rather trivial. This can be attributed to the oscillatory nature of electromagnetic waves [61].
We note finally here the existence of
D=
∫ [
t
1
2
(E · E+ B · B) − r · (E× B)
]
dV, (2.18)
which might be referred to as the boost helicity, as its relation to boost angular momentum is
analogous to that between helicity and the complete angular momentum [61]. The conservation
of boost helicity can be interpreted as a reflection of the dispersion relation ω = c|k| for freely
propagating light [45,61] or indeed the existence of a symmetry transformation which in
infinitesimal form is [43]
E→ E− 2ϑE− ϑ
(
t
∂
∂t
+ r ·V
)
E
and B→B− 2ϑB− ϑ
(
t
∂
∂t
+ r ·V
)
B,
⎫⎪⎪⎪⎬
⎪⎪⎪⎭
(2.19)
with ϑ an infinitesimal rapidity angle. The first terms here modify the amplitudes of the waves
comprising the electromagnetic field and the second terms modify their wavelengths, while
maintaining the speed of light. This embodies the scale invariance of Maxwell’s equations [45,61].
It is interesting to note that the sum of the symmetry transformations (2.16) and (2.19), with
φ = ϑ now, is simply a boost with rapidity φ = ϑ of each plane-wave mode comprising the
electromagnetic field antiparallel to the wavevector k of the mode.
(d) A possible source of confusion
Let us conclude the present section now by highlighting a subtle feature of freely propagating
light which may be a source of confusion. Maxwell’s equations as written in the strict absence of
charge [36],
V · E= 0, V · B= 0, V× E= −B˙ and V× B= E˙, (2.20)
exhibit a kind of self-similarity [45,47] in that various integrals of the electric and magnetic fields
satisfy Maxwell-like equations; for example,
V ·A⊥ = 0, V · C⊥ = 0, V×A⊥ = −C˙⊥ and V× C⊥ = A˙⊥. (2.21)
Similarly for various derivatives of the electric and magnetic fields; for example,
V ·G= 0, V ·M= 0, V×G= −M˙ and V×M= G˙, (2.22)
with G= E˙=V× B and M= B˙= −V× E, say. It follows immediately that each of the angular
momenta described above has an infinite number of higher and lower extensions [45,47], as do
other quantities, including energy and linear momentum. If we consider the helicity, for example,
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and replace, superficially, the fields with their time derivatives, we obtain
Z00 =
∫
1
2
(A˙
⊥ · B˙− C˙⊥ · E˙) dV. (2.23)
This is the 00-zilch [48,60,80], which was discovered before the helicity, in fact, and takes on a
value equivalent to ±h¯ω2 per photon, with the ω2 here deriving from the product of two time
derivatives. That the 00-zilch is conserved follows from the Maxwell-like equations (2.22) in
the same way that the conservation of helicity follows from Maxwell’s equations themselves
(2.20) [45,47]. The 00-zilch is not an angular momentum. Its conservation is associated with a
symmetry which in infinitesimal form is [45,52,81]
E→ E+ ζ 00B¨ and B→B− ζ 00E¨. (2.24)
This resembles a duality rotation, but differs crucially via the appearance of the second-order
derivatives and fails to qualify as a rotation, in as much as ζ 00 does not have the dimensions of an
angle. Indeed, Z00 itself does not have the dimensions of an angular momentum. Looking at the
integrand of the 00-zilch, we identify
Z000 = 12 [E · (V× E) + B · (V× B)] (2.25)
as a 00-zilch density. For strictly monochromatic light of angular frequency ω [82–85],
Z000 = ω2h. (2.26)
It is for this reason perhaps that the 00-zilch has been mistaken for helicity. In general, however,
there is no simple relationship between Z000 and h, and the two must not be regarded as being
synonymous [47].
The results described above hold for light propagating freely in the strict absence of charge.
Even the presence of bound charges in an overall neutral medium sets stringent conditions on
the conservation of helicity at a material interface [86,87]. In the presence of unpaired charges, the
quantities described above are not by themselves conserved [51]. Nevertheless, it is possible to
formulate rigorous continuity equations that include source terms explicitly [88].
3. Chiral light–matter interactions
In this section, we explain that some of the angular momenta described above, in particular,
the helicity and related quantities, arise naturally in the context of certain chiral light–matter
interactions. We work here in the international system of units, in which the constants 0, μ0
and c appear explicitly to give expressions that can be directly compared with experimental
measurements.
Unlike spin, helicity is faithful to the chirality of light. Indeed, the total helicityH is a time-even
(Lorentz) pseudoscalar and hence a measure of ‘true’ chirality [5]. The mirror-image forms of an
electromagnetic field have equal and oppositely signed values of the helicity, irrespective of their
orientations. This should be clear physically as, in a mirror, each left-handed circularly polarized
plane wave (helicity +h¯ per photon) comprising the field is instead right-handed (helicity −h¯
per photon) and vice versa [53]. Similar characteristics are exhibited by the total 00-zilch Z00, for
example, although it is noteworthy that this and the other higher- and lower-order extensions of
H are not invariant under full rotations in space–time, specifically boosts. Indeed, Z00 is but one
component of a rank-two pseudotensor [60].
Let us emphasize before proceeding that chirality and helicity are not synonymous. Chirality
is, according to the original definition [1] and its natural extensions [5], a concept of general
importance, whereas helicity is instead an angular momentum, particular to light. It is meaningless
to ask how much ‘chirality’ is located within a given region of space, or how ‘chirality’ flows
through an optical field, for example. Such questions can be asked of helicity, however, even
though densities and flux densities are, as entities by themselves, not unique; a reflection in
turn of the freedom available in choosing a Lagrangian density for the electromagnetic field
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or indeed a gauge [89]. A particular helicity density h and related quantities can be identified
in simple calculations pertaining to certain chiral light–matter interactions and, in this sense at
least, chirality and chiral light–matter interactions are seen to be connected with the angular
momentum of light. It is most appropriate, perhaps, to regard h and related quantities as chirality
functions for the electromagnetic field in this context [2,85,90].
Let us focus our attention explicitly here upon a particular chiral light–matter interaction
and some of its manifestations. Suppose first then that a small, non-magnetic, chiral molecule
is held fixed notionally in weak, monochromatic, far-off-resonance light that is otherwise freely
propagating and to which the molecule has been introduced adiabatically, with the angular
frequency ω of the light somewhere in the visible or near-infrared region, say. The light
simply drives oscillations in the charge and current distributions of the molecule, in particular
inducing an electric-dipole moment, electric-quadrupole moment components and a mechanical
magnetic-dipole moment given to the leading order of present interest by [2,37]
μ = [μ˜ exp(−iωt)], Θab = [Θ˜ab exp(−iωt)] and m′ = [m˜′ exp(−iωt)], (3.1)
respectively, with
μ˜a = αabE˜b + 13Aabc∂bE˜c − iG′abB˜b, Θ˜ab =AcabE˜c and m˜′a = iG′baE˜b, (3.2)
where the αab are dispersive electric dipole–electric dipole polarizability components, the Aa,bc are
dispersive electric dipole–electric quadrupole polarizability components, the G′ab are dispersive
electric dipole–magnetic dipole polarizability components and
E= [E˜ exp(−iωt)] and B= [B˜ exp(−iωt)] (3.3)
are the electric and magnetic fields, respectively, of the illuminating light, which satisfy the
free-field Maxwell equations (2.20). The rotational degrees of freedom of the molecule can be
accounted for rigorously by including rotational states in the polarizabilities or heuristically
by working with oriented forms and performing appropriate rotational averages at the end of
calculations. The double appearance of G′ab here can be understood in terms of electric–magnetic
democracy and energy conservation [91].
(a) Optical rotation
There is a certain energy associated with the oscillations driven in the charge and current
distributions of the molecule by the light [61,92,93], the cycle-averaged, rotationally averaged
form of which is
u= −1
2
[〈μ〉 · E+ 〈m′〉 · B] = −αaa
30
w¯E + ωG
′
aa
30c
h¯, (3.4)
with an overline indicating a cycle average, angular brackets indicating a rotational average,
w¯E = 0E · E/2 a cycle-averaged electric energy density and h¯= 0c(A⊥ · B− C⊥ · E)/2 a cycle-
averaged helicity density. The quantity G′aa/3 appearing here has opposite signs for opposite
molecular enantiomers. The interaction energy u thus differs for opposite molecular enantiomers
illuminated by light with non-vanishing helicity as embodied by h¯.
It can be shown in a rigorous quantum mechanical calculation [61] that the phenomenon of
natural optical rotation [2,17,18] derives from this basic interaction energy. The key elements
of the argument can be outlined as follows. Consider a weak, circularly polarized plane wave
propagating through a simple model of a fluid with N molecules per unit volume. We assume
this medium to be essentially homogeneous but nevertheless sufficiently dilute that interactions
between the molecules are of negligible importance. The total energy associated with the
oscillations driven in the charge and current distributions of the molecules as the light propagates
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through the medium is essentially
U=N
∫
udV (3.5)
and the phase refractive index of the medium follows in turn as
nσ = 1 − UW = 1 +
Nαaa
60
− NσG
′
aa
30c
(3.6)
to first order in N and the polarizabilities, with σ = ±1 for left- and right-handed circular
polarizations and
W =
∫
1
2
(
0E · E+ 1
μ0
B · B
)
dV (3.7)
the energy of the light in the dilute limit. The deviation in phase speed away from c is thus dictated
by the ratio of the interaction energy U to the energy W of the light. Importantly, U and hence nσ
differs for opposite circular polarizations due to the presence of the helicity and hence σ . This
circular birefringence gives rise in turn to natural optical rotation, the characteristics of which
resemble those of a duality rotation: the rotational symmetry transformation that underpins
the conservation of helicity, as seen in (2.2). Explicitly, the angle of optical rotation suffered by
linearly polarized light upon traversing a physical path length l follows from basic geometrical
arguments [2] and the above as
θ = ω(n+ − n−)l
2c
= −Nμ0ωG
′
aal
3
, (3.8)
to leading order, which is the well-established result [2,18]. The picture just outlined is
equivalent, of course, to other pictures, including those based upon light forward scattering [2].
The identification of a chirally sensitive interaction energy as the basis of the phenomenon
nevertheless reveals a number of new possibilities for chiral light–matter interactions. We
highlight two of these novel manifestations of optical activity below.
(b) Chiral optical force
The basic interaction energy u described above as the basis of optical rotation varies in general
with the position of the molecule in the light. The molecule thus experiences a force due to the
light, the cycle-averaged, rotationally averaged form of which is essentially [92,93]
〈F¯〉 = −Vu= αaa
30
Vw¯E − ωG
′
aa
30c
Vh¯. (3.9)
The first term is the familiar dipole optical force, which acts to accelerate the molecule in a manner
governed by electric energy gradients in the light; the same dipole optical force used to trap atoms
in optical lattices and which underpins the operation of optical tweezers [94–96], for example. The
second term is new and acts to accelerate opposite molecular enantiomers in opposite directions,
in a manner governed by helicity gradients in the light. This is our discriminatory optical force
for chiral molecules [92,93]. Its form was also recognized, independently, by a number of other
authors in their considerations of an isotropic chiral dipole of unspecified constitution [97–99].
It is possible to conceive of light sporting helicity fringes [62] for which Vw¯E = 0
everywhere, whileVh¯ = 0 in general, so that the resulting force 〈F¯〉 = −ωG′aaVh¯/30c is absolutely
discriminatory to leading order; pointing in opposite directions for opposite enantiomers [92,93].
This could form the basis of a number of new devices for chiral molecules, including a chiral
Stern–Gerlach deflector capable of spatially separating opposite molecular enantiomers in the
Newtonian regime [92,93], a chiral diffraction grating capable of diffracting chiral molecular
matter waves in the de Broglie regime while nevertheless treating left- and right-handed forms
equally [92,93], and a discriminatory chiral diffraction grating which combines elements of the
aforementioned devices [93], as depicted in figure 4.
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Figure 4. A discriminatory chiral diffraction grating diffracts left-handed molecular matter waves to the left, say, while
diffracting right-handed waves to the right instead. Figure courtesy of Cameron et al. [93]. (Online version in colour.)
(c) Chiral rotational spectroscopy
The basic interaction energy described above as the basis of optical rotation and our chiral
optical force affects molecules in different rotational states differently and might be observed,
therefore, via the rotational spectrum of such molecules. If the chirally sensitive contribution to
the interaction energy is
ui = AiB′XX + BiB′YY + CiB′ZZ (3.10)
for a particular initial rotational state and
uf = Af B′XX + Bf B′YY + Cf B′ZZ (3.11)
instead for a final rotational state, where BXX = −G′XX/ω + (AY,ZX − AZ,XY)/3, etc., are molecule-
fixed combinations of the optical activity polarizability components and Af = Ai, Bf = Bi and Cf =
Ci in general, then the associated energy difference between the states is
uf − ui = (Af − Ai)B′XX + (Bf − Bi)B′YY + (Cf − Ci)B′ZZ, (3.12)
which can be observed as part of a light-induced shift in the rotational resonance frequency of
such molecules. This chiral rotational spectroscopy promises a number of exciting capabilities,
including the ability to determine oriented chiroptical information, determine enantiomeric
excess, probe the molecular chirality of racemates, detect and characterize isotopic molecular
chirality, and distinguish well and in a chirally sensitive manner between even slightly different
molecular forms [100].
(d) Rayleigh optical activity
The oscillating charge and current distributions driven in the molecule by the light are themselves
a source of electromagnetic radiation. This Rayleigh scattered light is largely suppressed in
a suitably uniform medium [2] but can be quite significant in rarified samples, in particular
in the gas phase. Consider, then, a collection of molecules clustered around the origin while
being randomly oriented and illuminated by light as before. Adopting a sum over independent
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scatterers approach, as is appropriate for the gas phase, it is found that the intensity of Rayleigh
scattering light seen at position R in the far field is essentially [101]
I=
∑
ξ
K
|R|2 {2Aw¯
E(Rξ ) + 2BRˆaRˆbT¯Eab(Rξ )
+ ω[Ch¯(Rξ ) + 2DRˆ · s¯(Rξ ) + ERˆaRˆbn¯ab(Rξ ) + F RˆaRˆbx¯ab(Rξ )]}, (3.13)
with K= μ20cω4/2880π2 and Rξ the position of the ξ th molecule. It is assumed here that
the direction of observation Rˆ is not parallel to the direction of propagation of any of the
plane waves comprising the illuminating light. Both A and B take the same values for
opposite molecular enantiomers and are thus insensitive to the chirality of the molecules, while
w¯E = 0E · E/2 is a cycle-averaged electric energy density and the T¯Eab = 0[δabE · E− 2EaEb]/2
are cycle-averaged electric linear momentum flux density components. By contrast, C, D, E
and F each have equal magnitudes but opposite signs for opposite molecular enantiomers
and so are sensitive to the chirality of the molecules, while h= 0c(A⊥ · B− C⊥ · E)/2 is
a cycle-averaged helicity density, s¯= 0E×A⊥/2 is a cycle-averaged spin density and
the n¯ab = 0c[δab(A⊥ · B− C⊥ · E) − A⊥a Bb − A⊥b Ba + C⊥a Eb + C⊥b Ea]/2 are cycle-averaged ab-infra-
zilch densities.3 Explicitly,
A= 2(45a2 + 13β2), B= 2(45a2 + β2), C = 4(45aG
′ − 13β2G + β2A)
c
,
D= 8(−45aG
′ + 5β2G + 3β2A)
c
, E = 4(−45aG
′ − β2G − 3β2A)
c
, F = 16β
2
A
c
,
⎫⎪⎪⎪⎬
⎪⎪⎪⎭
(3.14)
with
a2 = αaaαbb
9
, β2 = (3αabαab − αaaαbb)
2
,
aG′ = αaaG
′
bb
9
, β2G =
(3αabG′ab − αaaG′bb)
2
, β2A =
ωabcαadAbcd
2
.
⎫⎪⎪⎬
⎪⎪⎭
(3.15)
This result for I can be applied to a single circularly polarized plane wave illuminating
the molecules, in which case it reduces to the usual form [2,23,24], as it should. It can
also be applied to more exotic forms of illuminating light, which opens the door to
new possibilities [101]: superchiral light enables an enhancement analogous to that recently
demonstrated for luminescence-detected circular dichroism [90,102,103]; σ–σ light enables the
removal of unwanted, achiral background contributions to the scattered light [101] which have
thus far plagued attempts to observe Rayleigh optical activity by traditional means [2]; lin ⊥ lin
light, which is by itself essentially achiral, enables the extraction of chirally sensitive information
when coupled with the direction of observation, in a manner that avoids spurious contributions
due to circular dichroism [101]. A challenge facing such approaches is that molecules must be
confined appropriately to subwavelength regions.
(e) Other chiral light–matter interactions
We have shown that natural optical rotation, our chiral optical force, chiral rotational spectroscopy
and natural Rayleigh optical activity are all related to each other and to the angular momentum
of light, in particular the helicity and related quantities. Many more chiral light–matter
interactions exist, of course. For some of these, the angular momentum of light again makes
explicit appearances. Circular dichroism [19–22], for example, has been tied to the 00-zilch (or
equivalently in this context, helicity) and to superchiral light [90,102,103]. For others, there is
no obvious connection with the angular momentum of light. This seems to be true in particular
for nonlinear interactions where chiral sensitivity comes in at electric-dipole order, so that the
3The quantity x¯ab = 0c∂d[acdA⊥b A⊥c + bcdA⊥a A⊥c ]/2 vanishes for illuminating light made up of a single plane wave but is
non-vanishing in general.
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magnetic field in particular is of little importance and the appearance of a quantity like helicity
would therefore be surprising.
4. Discussion
We have considered chirality, the angular momentum of light and some of the connections
between these fields of research.
Many questions remain, of course. An obvious one, perhaps, is whether the more familiar
orbital angular momentum can be said to play a role in chiral light–matter interactions. Light
carrying helical phase fronts is manifestly chiral, with the phase fronts screwing to the left for 	 > 0
and to the right for 	 < 0. It seems, however, that this is not the case for small chiral molecules.
Typically, the twist inherent to the wavefronts occurs over a spatial extent enormously larger
than such molecules, which thus see an essentially planar wavefront with no chiral selectivity.
It is conceivable that this situation will change under more specialized conditions, however, for
example, in tight focusing or at shorter wavelengths.
Authors’ contributions. All authors contributed equally to this work.
Competing interests. The authors declare that they have no competing interests.
Funding. This work was supported by the Engineering and Physical Sciences Research Council grants nos.
EP/M004694/1, EP/101245/1 and EP/M01326X/1.
References
1. Lord Kelvin. 1894 The molecular tactics of a crystal. Oxford, UK: Clarendon Press.
2. Barron LD. 2004 Molecular light scattering and optical activity. Cambridge, UK: Cambridge
University Press.
3. Pasteur L. 1848 Mémoire sur la relation qui peut exister entre la forme cristalline et la
composition chimique, et sur la cause de la polarisation rotatoire. C. R. Acad. Sci. Paris 26,
535–538.
4. Gal J. 2011 Louis Pasteur, language, and molecular chirality. I. Background and dissymmetry.
Chirality 23, 1–16. (doi:10.1002/chir.20866)
5. Barron LD. 1986 True and false chirality and parity violation. Chem. Phys. Lett. 123, 423–427.
(doi:10.1016/0009-2614(86)80035-5)
6. Lee TD, Yang CN. 1956 Question of parity conservation in weak interactions. Phys. Rev. 104,
254–258. (doi:10.1103/PhysRev.104.254)
7. Wu CS, Ambler E, Hayward RW, Hoppes DD, Hudson RP. 1957 Experimental test of parity
conservation in beta decay. Phys. Rev. 105, 1413–1415. (doi:10.1103/PhysRev.105.1413)
8. Kondepudi DK, Durand DJ. 2001 Chiral asymmetry in spiral galaxies? Chirality 13, 351–356.
(doi:10.1002/chir.1044)
9. Cameron RP, Cameron JA, Barnett SM. 2015 Were there two forms of Stegosaurus?
(http://arxiv.org/abs/1508.03729v1)
10. Cameron RP, Cameron JA, Barnett SM. 2016 Stegosaurus chirality.
(http://arxiv.org/abs/1611.08760)
11. Pasteur L. 1861 Leçons de chimie professées en 1860 par MM. Pasteur, Cahours, Wurtz, Berthelot,
Sainte-Claire Devile, Barral et Dumas. Paris, France: Hachette.
12. van ’t Hoff JH. 1874Voorstel tot Uitbreiding der tegenwoordig in de scheikunde gebruikte Structuur-
Formules in de ruimte; benevens een daarmee samenhangende opmerking omtrent het verband
tusschen Optisch Actief Vermogen en Chemische Constitutie von Organische Verbindingen. Utrecht,
The Netherlands.
13. Le Bel J-A. 1874 Sur les relations qui existent entre les formules atomiques des corps
organiques et le pouvoir rotatoire de leurs dissolutions. Bull. Soc. Chim. Paris 22, 337–347.
14. Lough WJ, Wainer IW. 2002 Chirality in natural and applied science. Oxford, UK: Blackwell
Publishing.
15. Fresnel A. 1832 La loi de modifications que la réflexion imprime à la lumière polarisée. Mem.
Acad. Sci. Inst. Fr. 11, 393–433.
 on February 21, 2017http://rsta.royalsocietypublishing.org/Downloaded from 
14
rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A375:20150433
.........................................................
16. Takeda R, Kida N, Sotome M, Matsui Y, Okamato H. 2014 Circularly polarized narrowband
terahertz radiation from a eulytite oxide by a pair of femtosecond laser pulses. Phys. Rev. A
89, 033832. (doi:10.1103/PhysRevA.89.033832)
17. Biot JB. 1815 Phénomenes de polarisation succesive, observés dans des fluides homogènes.
Bull. Soc. Philomath. 190–192.
18. Rosenfeld L. 1928 Quantenmechanische Theorie der natürlichen optischen Aktivität von
Flüssigkeiten und Gasen. Z. Phys. 52, 161–174. (doi:10.1007/BF01342393)
19. Cotton A. 1895 Absorption inégale des rayons circulaires droit et gauche dans certains corps
actifs. Compt. Rend. 120, 989–991.
20. Cotton A. 1895 Dispersion rotatoire anomale des corps absorbants. C. R. Acad. Sci. Paris 120,
1044–1046.
21. Holzwarth G, Hsu EC, Mosher HS, Faulkner TR, Moscowitz A. 1974 Infrared circular
dichroism of carbon–hydrogen and carbon–deuterium stretching modes. Observations. J.
Am. Chem. Soc. 96, 251–252. (doi:10.1021/ja00808a042)
22. Barron LD, Buckingham AD. 2010 Vibrational optical activity. Chem. Phys. Lett. 492, 199–213.
(doi:10.1016/j.cplett.2010.03.090)
23. Atkins PW, Barron LD. 1969 Rayleigh scattering of polarized photons by molecules. Mol.
Phys. 16, 453–466. (doi:10.1080/00268976900100501)
24. Barron LD, Buckingham AD. 1971 Rayleigh and Raman scattering from optically active
molecules. Mol. Phys. 20, 1111–119. (doi:10.1080/00268977100101091)
25. Barron LD, Bogaard MP, Buckingham AD. 1973 Raman scattering of circularly polarized
light by optically active molecules. J. Am. Chem. Soc. 95, 603–605. (doi:10.1021/ja00783a058)
26. Bijvoet JM, Peerdeman AF, van Bommel AJ. 1951 Determination of the absolute
configuration of optically active compounds by means of x-rays. Nature 168, 271–272.
(doi:10.1038/168271a0)
27. Ritchie B. 1976 Theory of the angular distribution of photoelectrons ejected from optically
active molecules and molecular negative ions. Phys. Rev. A 13, 1411–1415. (doi:10.1103/
PhysRevA.13.1411)
28. Kitamura T, Nishide T, Shiromaru H, Achiba Y, Kobayashi N. 2001 Direct observation of
‘dynamic’ chirality by Coulomb explosion imaging. J. Chem. Phys. 115, 5–6. (doi:10.1063/
1.1383793)
29. Pitzer M et al. 2013 Direct determination of absolute molecular stereochemistry in gas
phase by Coulomb explosion imaging. Science 341, 1096–1100. (doi:10.1126/science.
1240362)
30. Hirota E. 2012 Triple resonance for a three-level system of a chiral molecules. Proc. Jpn. Acad.
Ser. B 88, 120–128. (doi:10.2183/pjab.88.120)
31. Nafie LA. 2013 Handedness detected by microwaves. Nature 497, 446–448. (doi:10.1038/
497446b)
32. Patterson D, Schnell M, Doyle JM. 2013 Enantiomer-specific detection of chiral molecules via
microwave spectroscopy. Nature 497, 475–477. (doi:10.1038/nature12150)
33. Poynting JH. 1909 The wave motion of a revolving shaft, and a suggestion as to the
angular momentum in a beam of circularly polarised light. Proc. R. Soc. Lond. A 82, 560–567.
(doi:10.1098/rspa.1909.0060)
34. Beth RA. 1936 Mechanical detection and measurement of the angular momentum of light.
Phys. Rev. 50, 115–125. (doi:10.1103/PhysRev.50.115)
35. Lenstra D, Mandel L. 1982 Angular momentum of the quantized electromagnetic field with
periodic boundary conditions. Phys. Rev. A 26, 3428–3437. (doi:10.1103/PhysRevA.26.3428)
36. Jackson JD. 1999 Classical electrodynamics. New York, NY: Wiley.
37. Craig DP, Thirunamachandran T. 1998 Molecular quantum electrodynamics: an introduction to
radiation molecule interactions. New York, NY: Dover.
38. Allen L, Beijersbergen MW, Spreeuw RJC, Woerdman JP. 1992 Orbital angular momentum of
light and the transformation of Laguerre–Gaussian laser modes. Phys. Rev. A 45, 8185–8159.
(doi:10.1103/PhysRevA.45.8185)
39. Allen L, Barnett SM, Padgett MJ. 2003 Optical angular momentum. Bristol, UK: Institute of
Physics Publishing.
40. Yao AM, Padgett MJ. 2011 Orbital angular momentum: origins, behavior and applications.
Adv. Opt. Photon. 3, 161–204. (doi:10.1364/AOP.3.000161)
 on February 21, 2017http://rsta.royalsocietypublishing.org/Downloaded from 
15
rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A375:20150433
.........................................................
41. Andrews DL, Babiker M. 2012 The angular momentum of light. Cambridge, UK: Cambridge
University Press.
42. Noether E. 1918 Invariante Variationsprobleme. Nachr. König. Gesellsch. Wiss. Göttingen, Math-
phys. Klasse 2, 235–257.
43. Bessel-Hagen E. 1921 Über die Erhaltungssätze der Elektrodynamik. Math Ann. 84, 258–276.
(doi:10.1007/BF01459410)
44. Neuenschwander DE. 2011 Emmy Noether’s wonderful theorem. Baltimore, MD: Johns Hopkins
University Press.
45. Cameron RP, Barnett SM. 2012 Electric–magnetic symmetry and Noether’s theorem. New
J. Phys. 14, 123019. (doi:10.1088/1367-2630/14/12/123019)
46. Bliokh KY, Bekshaev AY, Nori F. 2013 Dual electromagnetism: helicity, spin, momentum and
angular momentum. New J. Phys. 15, 033026. (doi:10.1088/1367-2630/15/3/033026)
47. Cameron RP, Barnett SM, Yao AM. 2012 Optical helicity, optical spin and related quantities
in electromagnetic theory. New J. Phys. 14, 053050. (doi:10.1088/1367-2630/14/5/053050)
48. Candlin DJ. 1965 Analysis of the new conservation law in electromagnetic theory. Nuovo
Cimento 37, 1390–1395. (doi:10.1007/BF02783348)
49. Bateman H. 1915 The mathematical analysis of electrical and optical wave-motion on the basis of
Maxwell’s equations. Cambridge, UK: Cambridge University Press.
50. Barnett SM. 2010 Rotation of electromagnetic fields and the nature of optical angular
momentum. J. Mod. Opt. 57, 1339–1343. (doi:10.1080/09500341003654427)
51. Cameron RP. 2014 On the ‘second potential’ in electrodynamics. J. Opt. 16, 015708.
(doi:10.1088/2040-8978/16/1/015708)
52. Calkin MG. 1965 An invariance property of the free electromagnetic field. Am. J. Phys. 33,
958–960. (doi:10.1119/1.1971089)
53. Barnett SM, Cameron RP, Yao AM. 2012 Duplex symmetry and its relation to the
conservation of optical helicity. Phys. Rev. A 86, 013845. (doi:10.1103/PhysRevA.86.013845)
54. Berry MV. 2009 Optical currents. J. Opt. A: Pure Appl. Opt. 11, 094001. (doi:10.1088/1464-
4258/11/9/094001)
55. Heaviside O. 1892 On the forces, stresses and fluxes of energy in the electromagnetic field.
Phil. Trans. R. Soc. Lond. A 183, 423–480. (doi:10.1098/rsta.1892.0011)
56. Larmor J. 1897 Dynamical theory of the electric and luminiferous medium III. Phil. Trans.
R. Soc. Lond. A 190, 205–300. (doi:10.1098/rsta.1897.0020)
57. Darwin CG. 1932 Notes on the theory of radiation. Proc. R. Soc. Lond. A 136, 36–52.
(doi:10.1098/rspa.1932.0065)
58. van Enk SJ, Nienhuis G. 1994 Spin and orbital angular momentum of photons. Europhys. Lett.
25, 497–501. (doi:10.1209/0295-5075/25/7/004)
59. van Enk SJ, Nienhuis G. 1994 Commutation rules and eigenvalues of spin and orbital
angular momentum of radiation fields. J. Mod. Opt. 41, 963–977. (doi:10.1080/
09500349414550911)
60. Lipkin DM. 1964 Existence of a new conservation law in electromagnetic theory. J. Math.
Phys. 5, 696–700. (doi:10.1063/1.1704165)
61. Cameron RP. 2014 On the angular momentum of light. PhD thesis, University of Glasgow.
(theses.gla.ac.uk/5849/).
62. Cameron RP, Barnett SM, Yao AM. 2014 Optical helicity of interfering waves. J. Mod. Opt. 61,
25–31. (doi:10.1080/09500340.2013.829874)
63. Poynting JH. 1884 On the transfer of energy in the electromagnetic field. Phil. Trans. R. Soc.
175, 343–361. (doi:10.1098/rstl.1884.0016)
64. Allen L, Padgett MJ, Babiker M. 1999 The orbital angular momentum of light. Progress Opt.
39, 291–372. (doi:10.1016/S0079-6638(08)70391-3)
65. Molina-Terriza G, Torres JP, Torner L. 2007 Twisted photons. Nat. Phys. 3, 305–310.
(doi:10.1038/nphys607)
66. Franke-Arnold S, Allen L, Padgett MJ. 2008 Advances in optical angular momentum. Laser
Photon. Rev. 2, 299–313. (doi:10.1002/lpor.200810007)
67. Oemrawsingh SSR, Eliel ER, Woerdman JP, Verstegen EKG, Kloosterboer JG, ’t Hooft GW.
2004 Half-integral spiral phase plates for optical wavelengths. J. Opt. A: Pure Appl. Opt. 6,
S288–S290. (doi:10.1088/1464-4258/6/5/029)
68. Berry MV. 2004 Optical vortices evolving from helicoidal integer and fractional phase steps.
J. Opt. A: Pure Appl. Opt. 6, 259–268. (doi:10.1088/1464-4258/6/2/018)
 on February 21, 2017http://rsta.royalsocietypublishing.org/Downloaded from 
16
rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A375:20150433
.........................................................
69. Leach J, Yao E, Padgett MJ. 2004 Observation of the vortex structure of a non-integer vortex
beam. New J. Phys. 6, 71. (doi:10.1088/1367-2630/6/1/071)
70. Götte JB, O’Holleran K, Preece D, Flossmann F, Franke-Arnold S, Barnett SM, Padgett MJ.
2008 Light beams with fractional orbital angular momentum and their vortex structure. Opt.
Express 16, 993–1006. (doi:10.1364/OE.16.000993)
71. Souza C, Huguenin J, Milman P, Khoury A. 2007 Topological phase for spin–orbit
transformations on a laser beam. Phys. Rev. Lett. 99, 160401. (doi:10.1103/PhysRevLett.
99.160401)
72. Zhan Q. 2009 Cylindrical vector beams: from mathematical concepts to applications. Adv.
Opt. Photon. 1, 1–57. (doi:10.1364/AOP.1.000001)
73. Berry MV. 1998 Paraxial beams of spinning light. In Proc. Int. Conf. on Singular Optics,
Partenit, Crimea, Ukraine, 5 October 1997 (ed. MS Soskin). Proc. SPIE, vol. 3487, pp. 6–11.
(doi:10.1117/12.317704)
74. Barnett SM. 2001 Optical angular-momentum flux. J. Opt. B: Quantum Semiclass. Opt. 4, S7–
S16. (doi:10.1088/1464-4266/4/2/361)
75. O’Neil AT, MacVicar I, Allen L, Padgett MJ. 2002 Intrinsic and extrinsic nature of the
orbital angular momentum of a light beam. Phys. Rev. Lett. 88, 053601. (doi:10.1103/
PhysRevLett.88.053601)
76. Zambrini R, Barnett SM. 2006 Quasi-intrinsic angular momentum and the measurement of
its spectrum. Phys. Rev. Lett. 96, 113901. (doi:10.1103/PhysRevLett.96.113901)
77. Białynicki-Birula I, Białynicka-Birula Z. 1975 Quantum electrodynamics. Oxford, UK:
Pergamon.
78. Białynicki-Birula I, Białynicka-Birula Z. 2011 Canonical separation of angular momentum of
light into its orbital and spin parts. J. Opt. 13, 064014. (doi:10.1088/2040-8978/13/6/064014)
79. Barnett SM. 2011 On the six components of optical angular momentum. J. Opt. 13, 064010.
(doi:10.1088/2040-8978/13/6/064010)
80. Kibble TWB. 1965 Conservation laws for free fields. J. Math. Phys. 6, 1022–1026. (doi:10.1063/
1.1704363)
81. Przanowski M, Rajca B, Tosiek J. 1994 On some conservation laws in the Maxwell
electrodynamics in vacuum. Acta Phys. Polon. B 25, 1065–1077.
82. Bliokh KY, Nori F. 2011 Characterizing optical chirality. Phys. Rev. A 83, 021803.
(doi:10.1103/PhysRevA.83.021803)
83. Andrews DL, Coles MM. 2012 Optical superchirality and electromagnetic angular
momentum. In Complex Light and Optical Forces VI, San Francisco, CA, 21 January 2012 (eds
EJ Galvez, DL Andrews, J Glückstad, MS Soskin). Proc. SPIE, vol. 8274, paper 827405.
(doi:10.1117/12.906360)
84. Coles MM, Andrews DL. 2012 Chirality and angular momentum in optical radiation. Phys.
Rev. A 85, 063810. (doi:10.1103/PhysRevA.85.063810)
85. Andrews DL, Coles MM. 2012 Measures of chirality and angular momentum in the
electromagnetic field. Opt. Lett. 37, 3009–3011. (doi:10.1364/OL.37.003009)
86. Fernandez-Corbaton I, Zambrana-Puyalto X, Tischler N, Vidal X, Juan ML, Molina-
Terriza G. 2013 Electromagnetic duality symmetry and helicity conservation for the
macroscopic Maxwell’s equations. Phys. Rev. Lett. 111, 060401. (doi:10.1103/PhysRevLett.111.
060401)
87. van Kruining K, Götte JB. 2016 The conditions for the preservation of duality symmetry in a
linear medium. J. Opt. 18, 085601. (doi:10.1088/2040-8978/18/8/085601)
88. Nienhuis G. 2016 Conservation laws and symmetry transformations of the electromagnetic
field with sources. Phys. Rev. A 93, 023840. (doi:10.1103/PhysRevA.93.023840)
89. Cameron RP, Speirits FC, Gilson CR, Allen L, Barnett SM. 2015 The azimuthal
component of Poynting’s vector and the angular momentum of light. J. Opt. 17, 125610.
(doi:10.1088/2040-8978/17/12/125610)
90. Tang Y, Cohen AE. 2010 Optical chirality and its interaction with matter. Phys. Rev. Lett. 104,
163901. (doi:10.1103/PhysRevLett.104.163901)
91. Barnett SM, Cameron RP. 2016 Energy conservation and the constitutive relations in chiral
and non-reciprocal media. J. Opt. 18, 015404. (doi:10.1088/2040-8978/18/1/015404)
92. Cameron RP, Barnett SM, Yao AM. 2014 Discriminatory optical force for chiral molecules.
New. J. Phys. 16, 013020. (doi:10.1088/1367-2630/16/1/013020)
 on February 21, 2017http://rsta.royalsocietypublishing.org/Downloaded from 
17
rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A375:20150433
.........................................................
93. Cameron RP, Yao AM, Barnett SM. 2014 Diffraction gratings for chiral molecules and their
applications. J. Phys. Chem. A 118, 3472–3478. (doi:10.1021/jp500319x)
94. Ashkin A. 1970 Acceleration and trapping of particles by radiation pressure. Phys. Rev. Lett.
24, 156–159. (doi:10.1103/PhysRevLett.24.156)
95. Metcalf HJ. 1999 Laser cooling and trapping. New York, NY: Springer.
96. Ashkin A. 2006 Optical trapping and manipulation of neutral particles using lasers. Singapore:
World Scientific.
97. Canaguier-Durand A, Hutchison JA, Genet C, Ebbesen TW. 2013 Mechanical separation of
chiral dipoles by chiral light. New J. Phys. 15, 123037. (doi:10.1088/1367-2630/15/12/123037)
98. Wang SB, Chan CT. 2014 Lateral optical force on chiral particles near a surface. Nat. Commun.
5, 1–8. (doi:10.1038/ncomms4307)
99. Ding K, Ng J, Zhou L, Chan CT. 2014 Realization of optical pulling forces using chirality.
Phys. Rev. A 89, 063825. (doi:10.1103/PhysRevA.89.063825)
100. Cameron RP, Götte JB, Barnett SM. 2016 Chiral rotational spectroscopy. Phys. Rev. A 94,
032505. (doi:10.1103/PhysRevA.94.032505)
101. Cameron RP, Barnett SM. 2014 Optical activity in the scattering of structured light. Phys.
Chem. Chem. Phys. 16, 25 819–25 829. (doi:10.1039/C4CP03505D)
102. Smart AG. 2011 A mirror gives light an extra twist. Phys. Today 64, 16–17. (doi:10.1063/
1.3603909)
103. Tang Y, Cohen AE. 2011 Enhanced enantioselectivity in excitation of chiral molecules by
superchiral light. Science 332, 333–336. (doi:10.1126/science.1202817)
 on February 21, 2017http://rsta.royalsocietypublishing.org/Downloaded from 
